1] The roles of deep convection and generated waves in the Tropical Tropopause Layer (TTL) are investigated using a global nonhydrostatic model, the Nonhydrostatic Icosahedral Atmospheric Model (NICAM), which runs on the Earth Simulator with a horizontal spacing of 7 km. The model data, which successfully simulated a Madden-Julian Oscillation (MJO) event for the period between 15 December 2006 and 15 January 2007, are analyzed. The frequency of deep convective clouds that reach the TTL is one of the key diagnostics for dehydration and transport. The present results revealed that the proportion of cumulus clouds that penetrate the lapse-rate tropopause and the bottom boundary of the TTL (defined as the lapse rate minimum) is $0.5% and $20%, respectively, in the region between 5 S and 5 N. This result is reasonably consistent with atmospheric observations. Deep convective activity that reaches the TTL was observed over southern Africa, the Indian Ocean, the Indonesian maritime continent, the western Pacific, and southern America. Deep convection over the continents was most active during the local evening period. Over the oceans, high clouds reaching the tropopause were seen over the Indian Ocean and the seas around Java, where two tropical cyclones were generated. Prominent diurnal variations in tropopause temperature associated with deep convection occurred over the Indonesian maritime continent. These diurnal variations were superimposed on large, low-frequency temperature variations associated with equatorial Kelvin waves generated by the MJO convection. Probably because of coarse vertical resolution, temperature variations simulated by the NICAM are larger than those in the real atmosphere. The two tropical cyclones caused relatively large tropopause temperature variations with a cyclone scale ($500 km horizontally). The gravity waves generated by tropical cyclones cause small tropopause temperature variations that extend for 1000 km from the cyclone. We conclude that the Kelvin waves associated with the MJO convection cause the largest amplitude of temperature variations in the TTL and that tropical cyclones and diurnal variations of convective activity have large local impacts on temperature variations in the TTL. Citation: Kubokawa, H., M. Fujiwara, T. Nasuno, M. Miura, M. K. Yamamoto, and M. Satoh (2012), Analysis of the tropical tropopause layer using the Nonhydrostatic Icosahedral Atmospheric Model (NICAM): 2. An experiment under the atmospheric conditions
Introduction
[2] The tropical tropopause layer (TTL) is a transition region between the troposphere and the stratosphere, and is the primary entrance region for tropospheric air passing through to the stratosphere [e.g., Fueglistaler et al., 2009] . Water vapor entering the stratosphere is controlled by the temperature field in this region. Tropical deep convection and various waves around the tropopause are the main factors controlling this temperature field. However, it is difficult to observe in-cloud properties, and thus the role of deep convection in temperature variations is still not well understood. Deep convection also acts as an agent for the rapid transport of near-surface air into the TTL, and sometimes directly into the lower stratosphere. Kley et al. [1996] identify the important role of deep convection in the transport of ozone from the marine boundary layer to the tropopause, although Vömel and Diaz [2010] suggest that there is an error within the measurements of Kley et al. [1996] . It is also thought that tropical deep convective transport is particularly important for brominated Very-Short-Lived Substances (VSLS) that are emitted from the ocean, with higher emissions in tropical coastal regions [World Meteorological Organization, 2007, chapter 2] , and that brominated VSLS make a significant contribution to total stratospheric bromine, and consequently to the stratospheric ozone budget. In contrast, continental emissions include hydrocarbons and volatile organic compounds, in addition to NO x and CO near the surface [Barth et al., 2007] . Consequently, tropical deep convection is an important factor in determining the concentration of photochemically active species in both the TTL and the stratosphere. Liu and Zipser [2005] and Iwasaki et al. [2010] show that cloud-top altitudes over the continents are generally higher than those over the oceans. However, neither considered the detailed local time dependence of deep convective activity in each region, which may be very important photochemically [e.g., Barth et al., 2007] .
[3] As discussed in our previous paper [Kubokawa et al., 2010] , many studies have investigated the role of deep convective clouds in the temperature field around the tropopause. Both mesoscale, and cloud-resolving models have been used to examine the role of deep convection in controlling dehydration within the TTL [Potter and Holton, 1995; Chaboureau et al., 2007; Grosvenor et al., 2007] , in the heat and mass budget of the TTL [Kuang and Bretherton, 2004; Küpper et al., 2004] , and in rapid transport of nearsurface air into the TTL [Barth et al., 2007] . However, such models are restricted to limited horizontal domains, and they inherently lack the interaction between small-to meso-scale disturbances and large-scale disturbances to the general circulation, which are essential in the tropics [e.g., Madden and Julian, 1994] . To address this problem, Kubokawa et al. [2010] analyzed data from the aqua planet experiments using a global nonhydrostatic model: the Nonhydrostatic Icosahedral Atmospheric Model (NICAM) Tomita and Satoh, 2004] , which runs on the Earth Simulator with a horizontal spacing of 3.5 and 7 km.
[4] In this paper, we analyze NICAM data generated under realistic atmospheric conditions for the period between December 2006 and January 2007. Miura et al. [2007] report that an MJO event is realistically simulated in this model simulations, reproducing the multiscale structure of tropical convection [e.g., Masunaga et al., 2008; Nasuno et al., 2009; Liu et al., 2009] . Thus, this experiment is referred to as a NICAM MJO experiment. Fudeyasu et al. [2008 Fudeyasu et al. [ , 2010a Fudeyasu et al. [ , 2010b report that two observed tropical cyclones, Bond (which first appeared on 18 December 2006) and Isobel (which first appeared on 29 December 2006) over the Indian Ocean, are also realistically simulated in this model simulations. Sato et al. [2009] show that the diurnal cycles of precipitation in the tropics are also reasonably well simulated. We will therefore investigate the roles of these cloud disturbances on temperature variability in the TTL. Compared with the aqua planet experiment analyzed by Kubokawa et al. [2010] , the MJO experiment include a realistic orography and sea surface temperature distribution that produced realistic diurnal variations with geographical features and cyclone activity, as well as large-scale wave disturbances in the TTL. Furthermore, the regional and local-time characteristics of penetrating high clouds are important for rapid vertical transport of near-surface air into the TTL and the lower stratosphere. Consequently, we will investigate the characteristics of penetrating high clouds and compare them with observed global infrared cloud image data. However, we do not discuss water vapor variability in the TTL in the present paper because the stratospheric water vapor mixing ratio at the initial condition was set almost zero, and one-month integration was found to be not enough for water vapor to build up to a realistic concentration around the tropopause. The remainder of this paper is organized as follows. Section 2 provides the details of the MJO experiment and describes the observational data, and Section 3 presents the general characteristics of the model atmosphere obtained from the model simulations. Sections 4 and 5 contain the results and discusses their implications. We investigate the regional characteristics of deep convective clouds (section 4), and major disturbances that control the temperature of the tropopause (section 5). Finally, section 6 summarizes our findings.
Data Descriptions

Experimental Data
[5] In this paper we use experimental data from the NICAM simulation performed by Miura et al. [2007] . In the current model experiment, as in the aqua planet experiment [Tomita et al., 2005; Kubokawa et al., 2010] , the horizontal spacing of the icosahedral grid system was set as 3.5 km and 7 km. In this study, we concentrate on the 7 km grid data because the 3.5 km grid experiment was made only for 7 days, while the 7 km grid experiment was made for one month. The number of vertical levels is 40, with the model top at $38 km, resulting in a $1.4 km separation between levels in and around the TTL, which is coarser than that for the aqua planet experiment ($0.7 km). However, we believe that the influence of deep convection and waves on the temperature variations around the tropopause can be investigated. The initial conditions of the present experiment were derived from The National Centers for Environmental Prediction (NCEP) Global Tropospheric Analysis data, and the integration was performed over 32 days, starting at 0000 UTC on 15 and December 2006. No nudging of the atmospheric observations was used during the integration. Sea surface temperature (SST) was interpolated from the weekly mean data of the Reynolds SST data set. In this study, we discard the data from the spin-up phase on the first day. Output parameters are 6-hourly snapshots of 3D winds, thermodynamic parameters, water vapor, and four condensation variables. Also, 90-minute averaged outgoing longwave radiation (OLR) data were obtained every 90 min. Other model descriptions can be found in Miura et al. [2007] .
Observational Data
[6] Various observational data were used to evaluate the results from the NICAM model simulations. Daily OLR data from the National Oceanic and Atmospheric Administration (NOAA) polar-orbit satellites [Liebmann and Smith, 1996] with a 2.5 grid horizontal spacing were used to analyze the gross features of convective activity. Half-hourly infrared brightness temperature (T bb ) data from the infrared (IR) channels loaded on five geostationary satellites (the Geostationary Meteorological Satellite (GMS), the Geostationary Operation Environmental Satellites [Janowiak et al., 2001] were used to analyze the fine-scale convective activity. GMS data were only available hourly, and much of the data around 135 W was missing because this region is the boundary region between Meteosat-5 and GOES West measurements. NCEP/NCAR reanalysis data (NCEP1) (4 times per day, 2.5 by 2.5 horizontal resolution) [Kalnay et al., 1996] , ECMWF reanalysis data (ERA-Interim) (4 times per day, 1.5 by 1.5 horizontal resolution) [Dee et al., 2011] , and Japanese 25-year Reanalysis Project (JRA25) data (4 times per day, 1.25 by 1.25 horizontal resolution) [Onogi et al., 2007] were used to investigate observed temperature variations in the TTL. Finally, vertical wind data measured by the Equatorial Atmosphere Radar (EAR) at Kototabang (0.20 S, 100.32 E), Indonesia Fujiwara et al., 2003; Mega et al., 2010] were used to evaluate the NICAM vertical winds. The EAR is a 47 MHz clear-all Doppler radar that can measure vertical winds under both clear and rainy conditions. The EAR data used in this study was averaged over 90 min, with a vertical resolution of 150 m. A typical uncertainty in the vertical wind measurements at the original temporal resolution (about 80 s) is less than 0.1 m s À1 [Yamamoto et al., 2007] .
General Characteristics of the Model Simulations
[7] The time-averaged fields of the circulation and thermal structure of the NICAM MJO experiment are similar to those of observation (NCEP1) (figures are not shown). In particular, NICAM reproduced the cold-point tropopause (CPT) climatology for December and January [Seidel et al., 2001] . The time-averaged horizontal pattern of OLR also generally agrees with the observations (NOAA OLR). The details of the location of active deep convection will be discussed in section 4.1.
[8] Figure 1 shows the longitude-time distribution of OLR averaged between 5 S and 5 N. Although the simulated OLR is systematically higher than the observed data (NOAA) by $20 W m À2 [see also Inoue et al., 2008, Figure 15 ], Figure 1 shows that the eastward propagating organized convection, with a horizontal scale of $6000 km, is realistically simulated over the Indian Ocean and through the International Date Line. The phase speed of this organized convection is $3 m s À1 , which is one of the characteristics of the MJO [Miura et al., 2007] . In contrast, the convective activity over Africa and Central America (0 -30 E and 90 W-30 W, respectively) is quasi-stationary. The longitudinal distribution of time averaged OLR (not shown) shows that low OLR values (less than 220 Wm À2 ) are seen over Africa (15 E-30 E), the western Pacific (90 E-120 E), and America (90 W-60 W).
[9] Comparison of OLR from NICAM and NOAA, and comparison of T bb from NICAM and CPC-IR (not shown), reveal that larger amounts of upper level cloud is present in the NICAM than in the real atmosphere. It has been suggested that the microphysical scheme used in the NICAM tends to produce higher amounts of ice particles in the upper troposphere [Masunaga et al., 2008; Inoue et al., 2010; Satoh et al., 2010] . These upper level clouds are not optically thick, and thus their influence on the OLR is negligible. The larger amounts of high cloud may influence the heat and water vapor budget in the TTL through radiative processes, but probably only has a limited impact on the shorter-term temperature variability that is the focus of this paper.
[10] Figure 2 shows the profiles of temperature, potential temperature, vertical temperature gradient, and the frequency distribution of cloud top height averaged between 10 S and 10 N. The cloud top height is defined as the highest (linearly interpolated) level at which the total condensates (including cloud ice, cloud water, rain, and snow) are equal to 0.01 g kg À1 [Kubokawa et al., 2010] . In our previous paper [Kubokawa et al., 2010] , we investigated the sensitivity to the threshold value between 0.00001 g kg À1 and 10.0 g kg À1 , and found that the cloud top height does not change substantially (less than 1 km) with the values between 0.0001 g kg À1 and 0.1 g kg À1 . The temperature and the height of the CPT are 191.5 K and 16.9 km, respectively, and those of the lapse-rate tropopause are 194.0 K and 16.5 km, respectively. The values obtained for the lapse-rate tropopause are consistent with the observed zonal mean tropical lapse-rate tropopause in January (192.5 K, 16.8 km) recorded by Seidel et al. [2001] . The bottom boundary of the TTL, defined by the lapse rate minimum [e.g., Gettelman and Birner, 2007] , is located at 12.0 km. Below the melting layer ($5 km), NICAM does not simulate the stable layers which are found in the real atmosphere around 4-6 km and 2 km [e.g., Mapes, 2001; Folkins, 2009] . This may influence the low-level detrainment [Johnson et al., 1999] and thus the cloud top height statistics. There exists a local maximum in cloud top height frequency at 13-16 km. We think that this is related to anvil cirrus. When deep convection reaches the TTL, convective outflow spreads in the TTL to result in anvil cirrus formation. The 13-16 km height region corresponds to the level of maximum convective outflow. The proportion of grid points with cloud top penetrating the mean TTL bottom boundary (12.0 km), and the mean lapse-rate tropopause (16.9 km), is 20.8% and 0.53%, respectively. The tropopause overshooting frequency simulated by NICAM generally agrees with the 0.34% obtained from satellite GRAS ICESAT data in the tropics by Dessler et al. [2006] . However, this proportion changes to 0.11% and 3.69%, when we use the threshold value of 0.1 g kg À1 and 0.001 g kg À1 , respectively. The proportion does not largely change for higher threshold values, however, it is sensitive to the lower threshold values. We compare our results with those from Dessler et al. [2006] , who analyzed satellite lidar data. They defined the existence of clouds using the attenuation of the emitted laser light. On the other hand, we can only use the cloud condensation concentration in g kg À1 in the model results; it is not easy to translate our cloud concentration threshold value into the optical depth for a laser light. Thus, we can make only qualitative comparison. We cannot address whether our result is an overestimation or underestimation compared with the real atmosphere, but think that the true number most probably lies between 0.11% and 3.69%. It should be noted that continental deep convection occurs at preferred hours (see Section 4) but the analysis is made using 6-hourly snapshots data. Therefore, the cloud statistics shown here may miss some very high cloud events, and the frequency in the TTL may be somewhat biased low.
[11] Figure 3 compares the frequency distribution of vertical winds from the NICAM simulation with that from the EAR observations at Kototabang (0.20 S, 100.32 E), Indonesia. For the EAR data, all available 90-minute averaged data during the December-January periods between 2001 and 2008 were used in the calculation. The amount of missing data in the upper troposphere (13-16 km) was twice that in the lower troposphere (1-10 km). The NICAM vertical wind data are six-hourly snapshots. For both data sets, the range of vertical wind speeds is mostly within AE0.3 m s À1 , and those exceeding 1 m s À1 are extremely rare. Near the tropopause, at around 10-15 km, the frequency of light winds is lower than that at other altitude. This is probably related to the development of outflow at this level, where active vertical motion is induced. We calculated the frequency distribution of vertical mass flux (for dry air) between 5 S and 5 N (not shown). These characteristics are similar to the frequency distribution of vertical wind. Figure 4 shows the vertical profiles of mass flux for clear sky regions and deep convective regions between 30 S and 30 N. In this figure, mass fluxes for the clear-sky regions and deep convection regions almost balance. Furthermore, we can see that each mass flux change its sign around 16 km. We think that this height is the boundary of the tropic mass flux. Folkins et al. [1999] discussed that the bottom boundary of the TTL corresponds to the top of the Hedley circulation. In the TTL, strong vertical wind and mass flux rarely exists. The altitude of 10-15 km may be regarded as a boundary for the mass flux. Stronger downward winds prevail in the NICAM data, whereas stronger upward winds prevail in the observations at around 15 km. This difference may be caused by the limited horizontal spacing (7 km) and relatively coarse vertical resolution of the model, or different nature of the convective cloud activity in the reality and in the model whose horizontal scale is generally smaller than 7 km, or combination of these. Figure 3 also shows the frequency distribution of vertical winds from the NICAM aqua planet experiment between 5 S and 5 N. Both NICAM MJO and aqua planet data show qualitatively similar characteristics: very strong upward winds (e.g., ≥6 m s À1 and ≥12 m s À1 for the MJO and aqua planet experiments, respectively) are found around 10-11 km, and the frequency curves show a decrease within the TTL. Also, relatively strong downward winds (e.g., ≤ À4 m s À1 ) are found around 14-16 km in the NICAM data. This may be related to outflow in the TTL. The frequency distribution of vertical winds over the ocean is also shown in Figure 3e . The strong downward winds are merely observed compared with that of the whole 5 S-5 N ( Figure 3c ). This indicates that the downward winds in the upper troposphere mainly occurred over the continents.
[12] Figure 5 shows the horizontal distributions of the time-averaged altitude of the lapse-rate minimum (i.e., the bottom boundary of the TTL) and the lapse-rate tropopause. The lapse-rate minimum altitude is highest over the Indonesian maritime continent and the tropical western Pacific. The regions with higher lapse-rate minimum altitudes correspond to those with lower OLR, indicating the effects of deep convection. The distribution of tropopause altitude shows a horseshoe shaped structure over the Indian Ocean and the Pacific; the tropopause is higher in the off-equatorial regions. This structure is consistent with the observational data [e.g., Ratnam et al., 2005] , and is associated with the Matsuno-Gill pattern, which is the dynamical response to the tropical large-scale convective heating in the equatorial area [e.g., Highwood and Hoskins, 1998 ]. Regions of high tropopause altitude are also found over the oceans to the east and west of South America. This is also consistent with the observational data [Ratnam et al., 2005] .
[13] Figure 6 shows the standard deviation of temperature around the tropopause. Regions of high variability are found near the equator, especially over the Indonesian maritime continent. This indicates that temperature variation over the Indonesian maritime continent is controlled not only by a dynamic response to tropical large-scale convective heating, but also by short-time-scale deep convection. Over the offequatorial regions, variations in temperature are relatively small. We will consider the local characteristics of these temperature variations in more detail in Section 5.1.
The Regional Characteristics of Deep Convective Activity
[14] While Sato et al. [2009] investigated diurnal cycles in precipitation, in this section we focus on diurnal cycles associated with deep convective activity in specific regions. We define deep convective regions as grid points where the height of the cloud top is above 16 km, and the cloud base is within 2 km of the surface. Different thresholds, such as 15 km or 17 km, generated similar results. Figure 5c shows the horizontal distribution of deep convective frequency. High frequency regions are observed over the southern African continent, southern tropical Indian Ocean, the Indonesian maritime continent through the tropical western Pacific, ITCZ, SPCZ, and the South American continent. In the following section we will investigate diurnal cycles of convective activity in three longitudinal regions (Figure 5c 
The Africa-Indian Ocean Region
[15] Figure 7 shows areas of high, deep convective activity within the Africa-Indian Ocean region, where the cloud top extends above both the lapse-rate tropopause (16 km) and the bottom boundary of the TTL defined by the local lapse-rate minimum. Figure 7d shows the observed high frequency areas from the CPC-IR data, with a threshold value of 200.69 K. This threshold value corresponds to the average temperature at 15 km (119.7 hPa) between 30 S and 30 N in the NCEP reanalysis data. Sherwood et al. [2004] indicate that cloud top heights estimated from geostationary infrared satellite data are $1 km lower than those estimated from ground-based lidar. Therefore, the CPC-IR panel may be compared with the NICAM 16 km threshold panel. Very high, deep convection in the NICAM is observed mainly in the southern part of the African continent (25 S-15 S, 15 E-30 E; area (1) in Figure 7a ), while moderately deep convection that reaches the lapse-rate minimum is often observed a little further north (10 S-equator) ( Figure 7c ). High frequency regions are also found around the south of Madagascar (area (2) in Figure 7a ) associated with organized convective clouds with a horizontal extent of $500 km (particularly between 26-28 December 2006). In the south western tropical Indian Ocean (10 S, 60 E; area (3) in Figure 7a ), high frequency regions are associated with tropical cyclone Bond, which developed around 18 December 2006 [Fudeyasu et al., 2008] . High frequency regions in the eastern equatorial Indian Ocean (area (4) in Figure 7a ) are associated with the MJO convection.
[16] High frequency regions in the CPC-IR data occur over the southern African continent, south western tropical Indian Ocean (10 S, 60 E), and eastern equatorial Indian Ocean, showing that the NICAM results are generally valid. Over the southern African continent (area (1) in Figure 7a ), deep convective activity shows a marked local dependence in both the NICAM and the observed atmospheric data.
[17] Figure 7 also shows a diurnal time series of deep convective activity over the southern African continent (30 S-15 S, 15 E-30 E), the area enclosed by a rectangle in Figure 7b . Here, we use the 90-minute interval OLR from the NICAM data, and the half-hourly T bb data from the CPC-IR data; therefore, the comparison is only qualitative. For the CPC-IR data, we again used 200.69 K as the threshold value for deep convective activity, while for the NICAM OLR data, we used 137.5 W m À2 . This was determined using the histograms of the CPC-IR T bb data and the NICAM OLR data such that the summation of high-cloud frequency for CPC-IR T bb ≤ 200.69 K (3.38%) becomes equal to that for the NICAM OLR threshold value. The highcloud frequency is at a minimum between 0600 and 0900 UT (0700 and 1000 LT), and increases after 0900 UT (1000 LT) for both the NICAM and CPC-IR data. For CPC-IR, the frequency reaches its maximum value around 1500 UT (1600 LT), while for the NICAM, the maximum frequency is somewhat later, around 1700 UT (1800 LT). The maximum frequency values are quite different between Figures 7e and 7f. This is probably because the simulated cloud activity is different from that in the real atmosphere particularly in the relevant region. The factors for the different cloud activity include (1) the issues in the choice of microphysical scheme discussed in Section 3, and (2) the horizontal grid of 7 km for the simulation discussed in this paper (note that the observational data shown here have the horizontal resolution of 4 km). We also note the fact that deep convection tends to persist over the continents particularly near high mountains in this simulation.
The South American Region
[18] Figure 8 shows areas of high, deep convective activity within the South American region. Very high clouds in the NICAM developed mainly over the southern South American continent, (25 S-15 S,70 W-60 W) (area (1) in Figure 8b ), (30 S-25 S,70 W-60 W) (area (2) in Figure 8b ), and around (10 S, 75 W). Over the Atlantic Ocean, almost no deep convective clouds developed that reached the lapserate tropopause or 16 km level. High frequency regions of the CPC-IR data are mostly confined to the south of the South American continent (30 S-15 S, 65 W-50 W). These high clouds were mainly associated with transient disturbances with a $7-day period (not shown). Simulated high clouds are over-generated along the Andes in general.
[19] Figure 8 also shows the diurnal time series of deep convective activity over the southern South American continent (areas (1) and (2) in Figure 8b ). High-cloud frequency is at a minimum between 1200 and 1500 UT (0800 and 1100 LT), and increases after 1500 UT (1100 LT) in both the NICAM and CPC-IR data. For the CPC-IR, the maximum frequency occurs around 2000 UT (1600 LT), while for the NICAM, the maximum occurs around 0000 UT (2000 LT). The NICAM maximum frequency is around four hours later than that in the observed data. Sato et al. [2009] show that the precipitation maximum in the NICAM MJO 7 km grid data is 3 hours later than that of the Tropical Rainfall Measuring Mission (TRMM) results over South America. They showed that the time difference becomes larger as the horizontal resolution becomes coarser. They speculated that the phase lag of the simulated diurnal cycle of deep convection is related to boundary layer processes, which are very important for the initiation of deep convection.
The Indonesian Maritime Continent and Western Pacific Region
[20] Figure 9 shows areas of high, deep convective activity over the Indonesian maritime continent and western Pacific. The high frequency regions are over the southern South China Sea, around northern Sumatra, near the southern coast of Java, over northern Australia, in the ITCZ, and in the SPCZ; this is generally consistent with the CPC-IR results, except for some differences over New Guinea. For both the NICAM and CPC-IR data, high frequency regions south of Java are associated with tropical storm Isobel [Fudeyasu et al., 2008] . High frequency regions in northern Australia in the NICAM data are associated with a convective system with a horizontal extent of $1000 km during the active phase of MJO; this convective system is not seen in the CPC-IR data. In the ITCZ and SPCZ in the NICAM data, high clouds are associated with westward propagating disturbances with a horizontal extent of $500 km, and a period of two days. In the ITCZ and SPCZ in the CPC-IR data, high clouds are also associated with westward propagating disturbances with a period of two days. However, the horizontal scale of these disturbances was $100 km.
[21] Figure 9 also shows the diurnal time series of deep convective activity over the southern South China Sea (8 N-12 N, 110 E-115 E; area (1) in Figure 9b ), north of Java (7 S-4 S, 110 E-118 E; area (2)), the ITCZ (7 S-4 S, 150 E-165 E; area (3)), and the SPCZ (12 S-8 S, 163 E-167 E; area (4)). As noted in Section 2.2, a significant amount of data is missing from the CPC-IR data over the Pacific; and this explains the noisy curves in Figure 9f . From the NICAM data, over the seas around large islands in areas (1)-(2), the frequency reaches a maximum (minimum) around 0600 UT (1600 UT), indicating the local afternoon (midnight) maximum (minimum). From the CPC-IR data, in area (1), high (low) frequency is seen around 0500 UT (1200 UT). The time of local maximum in the NICAM is slightly later than that in the CPC-IR data, but the time of the local minimum is quite different. High (low) frequency in area (2) occurs around 0300 UT (0900 UT) in the CPC-IR data, slightly earlier than that in area (1). The time difference between areas (1) and (2) was present in the NICAM data. The local-noon maximum in the NICAM is consistent with atmospheric observations. Over the ITCZ in area (3), the frequency maximum (minimum) is seen around 0400 UT (1000 UT), indicating the local afternoon (evening) maximum (minimum). The local time dependence in the SPCZ is almost the same as that in the ITCZ. In area (3), high (low) frequency is found around 2000 UT (0600 UT); the local time dependence in the NICAM is not consistent with atmospheric observations. In area (4), high frequency occurs between 0600 UT and 2000 UT. The variation in the diurnal cycle in the NICAM is clearer than that in the observational data. In summary, the NICAM simulates clear diurnal cycles in deep convective activity reasonably well; however, the frequency maximum over land in the NICAM occurs $2 hours later than in the observational data, and the frequency maximum over the oceans is delayed even further ($9 hours) compared with the atmospheric observations. This is in part due to insufficient horizontal resolution (7 km), and also because of the microphysical scheme used in the NICAM. The present model simulations shows a larger amount of ice particles in the upper troposphere, which is also thought to be caused by the microphysical scheme as discussed in section 3 [Masunaga et al., 2008; Inoue et al., 2010; Satoh et al., 2010] .
[22] In this section, we have investigated the regional characteristics of deep convective activity and compared them with empirical data from atmospheric observations. It was shown that the geographical distribution and diurnal cycles of active deep convection are realistically simulated by the NICAM, although a time lag of convective activity exists between the NICAM and the observations. As we have confirmed that the NICAM simulation reproduces many of the characteristics of deep convective activity, such Figure 9b . Note that 00 UT corresponds to 7-8 LT in areas (1) and (2), but 9-11 LT in areas (3) and (4). as its frequency, location, and diurnal cycles (at least qualitatively), we can now use the NICAM data to consider temperature variations in the TTL.
Temperature Variations in the TTL
[23] We will now investigate temperature variations around the tropopause associated with (1) local-to-regional deep convective activity (as discussed in the previous section), (2) tropical cyclones, and (3) large-scale disturbances (equatorial Kelvin waves). We will then estimate their relative contribution in terms of dehydration capability.
The Regional Characteristics of Tropopause Temperature Variations
[24] As shown in the previous section, deep convective activity has regional characteristics. If such deep convective activity has a large influence on the temperature variations around the tropopause, water vapor entering the stratosphere may be controlled in part in specific regions. Figure 6 shows the standard deviation of temperature around the tropopause. Regions with large standard deviations are found over eastern equatorial Africa (40 E-50 E, around the equator), over the Indonesian maritime continent (Sumatra; Kalimantan; Sulawesi), over the Andes, and over [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] . Table 1 shows the location and value of maximum standard deviation at each regions. Figure 10 shows the time-altitude distributions of temperature around the tropopause at the six grid points. Over eastern equatorial Africa (Figure 10a ), deep convective activity is not seen (see Figure 7 ). In this region, low temperatures occur continuously around the tropopause between 22 December and 31 December 2006. These low temperatures have a horizontal (zonal and meridional) extent of $1000 km (not shown) in this region. Over the Indonesian maritime continent (Sumatra, Kalimantan, and Sulawesi), large, low-frequency temperature variations are found at 16.9 km. Over Sumatra, low temperatures persist until 31 December 2006. Over Kalimantan (see also Figure 11 ) and Sulawesi, low temperatures occur between 31 December 2006 and 10 January 2007. These temperature variations have an amplitude of up to $20 K, and are associated with large-scale eastward-propagating waves that will be discussed in Section 5.3 (note that the amplitude may be too large compared with previous observations; see also Section 5.3). In these regions, diurnal variations in temperature are superimposed on the large, low-frequency variations. The amplitude of the diurnal cycle reaches as high as $10 K. The local deep convective activity is the major factor in the diurnal variations. Over the Andes, two large-amplitude events occur around 17-19 December 2006 and 3-4 January 2007. The horizontal range of these temperature variations was less than 500 km. Over Tibet, temperature variations with a period of a week make a major contribution to the large standard deviation. Diurnal variations of $10 K also make some contributions there. Seidel et al. [2005] and Fujiwara et al. [2009] analyzed radiosonde data from the tropical western Pacific and show that the diurnal amplitude at the tropopause is 0.5-1.5 K. Jain et al. [2006] analyzed radiosonde data from southern India and show the diurnal amplitude of up to $5 K. Alexander and Tsuda [2008] analyzed radiosonde data from South east Asia (mostly western Indonesia) and northern Australia, and show that the amplitude of the diurnal tide is 0.5-1.5 K around the tropopause. The much larger amplitudes found in the NICAM may in part be due to the relatively course vertical resolution ($1.4 km) in the TTL in this model simulations. Although the amplitude values should be viewed with caution, and may be much greater than the actual values, the NICAM results suggest that diurnal variations in temperature in the TTL due to deep convective activity may contribute to dehydration in certain regions.
Tropical Cyclones
[25] Fudeyasu et al. [2008] report that two tropical cyclones over the Indian Ocean, Bond (first observed on 18 December 2006), and Isobel (first observed on 29 December 2006), were realistically simulated in this NICAM MJO experiment. We have already shown that some deep convective clouds reach the tropopause over these two cyclones (Figures 7a and 9a ). Consequently, it is possible that these cyclones have a significant affect on temperature variations around the tropopause.
[26] Figure 12 shows the horizontal distributions of cloud top height and temperature at 16.9 km, where, and when, tropical cyclone Bond was active. The center of tropical cyclone Bond was observed at 9 S, 58 E on 19 December 2006. Bond propagated south-westward, and weakened until 22 December. On 19 December, low temperatures of less than 190 K (192.3 K for 10 S-10 N average) were observed over the core of Bond. The temperature was as low as 184.1 K. The zonal extent of the low temperature region of less than 190 K was $500 km. After 20 December, the low temperature region tended to be dissipated and spread. This was caused by the propagation of gravity waves excited by tropical cyclone Bond, which is discussed later. On 22 December, the low temperature region of less than 190 K had extended to 1000 km in zonal extent. Tropical cyclone Bond had dissipated by 22 December, and the low temperature region associated with Bond had dissipated completely by 24 December.
[27] Figure 13 shows the horizontal distributions of the anomaly fields of temperature and zonal wind by applying a spatial band-pass filter of 4-10 degrees. We applied a filter to show the characteristics of waves more clearly. The minimum temperature of À3.6 K is observed at 8 S, 58 E at 12 LT on 19 December 2006. This low temperature region is directly associated with the deep convection of Bond, and propagates south-westward. At 12 LT on 19 December 2006, we see a horizontal wind divergence around tropical cyclone Bond. At 18 LT on 19 December 2006, the warmcold temperature anomalies, and east-west wind anomalies, spread spatially, with a circular form, from tropical cyclone This phase relationship indicates that the disturbances are gravity waves with a horizontal wavelength of $600 km. Also, hodograph analysis shows the rotating characteristics of gravity waves (not shown). i.e., a counter-clockwise with height indicating the upward energy propagation. Figure 14 shows a vertical cross-section of temperature and zonal wind anomalies around the tropopause at 12 LT on 20 December 2006. Above 16 km, warm and cold anomalies show a southeastward upward tilt, while those below 16 km show a southeastward downward tilt, indicating energy propagation from the 16 km level. The vertical wavelength was estimated to be $3 km. The amplitude of the temperature and zonal wind components is $1.9 K, $6 m s À1 , respectively. The period relative to the ground was estimated to be $8.5 hours from the dispersion relationship of gravity waves:
[28] For tropical cyclone Isobel, the horizontal distribution of cloud top height and temperature at 16.9 km is shown in Figure 15 . The center of Isobel was at 12 S, 115 E on 31 December 2006. Some other deep convective clouds are seen to the north of Australia, which were located within the active phases of the MJO (Figure 1a ). The cloud top height of Isobel and other clouds often reaches the tropopause (see Figure 9a ). Isobel propagated southeastward and became weaker after 4 January 2007. On 31 December 2006, low temperatures of less than 190 K were prominent over the region north of 15 S. This was associated with the MJO which will be discussed in the next section. Very low temperatures of less than 184 K were observed around the region where active deep convective clouds near Isobel and the MJO developed. On 2 January 2007, a large-scale low temperature region of less than 182 K was observed between 15 S and 5 S and 104 E and 114 E. This low temperature region was detached from Isobel. The relationship between this low temperature region and the tropical cyclone is not clear, but gravity wave generation may have been involved. After 3 January 2007, this low temperature region propagated southwestward and had dissipated by 5 January 2007.
[29] We also examined the 100-hPa temperature variations associated with these two tropical cyclones using three sources of reanalysis data, namely, NCEP1, ERA-Interim, and JRA25. Although the corresponding signals in the 100-hPa temperature are not very clearly seen in all three data sets, the temperature might be 2-4 K lower than the surroundings in both cases. It is possible that the reanalysis data are not particularly effective at capturing the influence of tropical cyclones. Danielsen [1993] shows temperature profiles above tropical cyclones; the tropopause temperature above tropical cyclones can be $7 K colder than the surroundings in the real atmosphere. In summary, we have quantified the spatial extent ($500 km) of the TTL low temperature regions ($6-K drop) associated with tropical cyclones. Considering their life span of 4-6 days, these tropical cyclones have the potential to contribute to dehydration processes in the TTL.
Equatorial Kelvin Waves and MJO
[30] Figures 16 and 17 show the longitude-time distributions of temperature and zonal wind around the tropopause averaged between 5 S and 5 N at 16.9 and 18.4 km. The Figure 11 . Time series of temperature at 16.9 km at Kalimantan (1.3 N, 116.8 E) . Dotted curve shows a $2-day running average. zonal-time averaged temperatures at 16.9 and 18.4 km are 192.2 K and 196.0 K, respectively, and the temperature anomaly pattern are roughly the same for the 20 S-20 N average (not shown). A slow (3 m s À1 ), eastward propagating low-temperature signal (less than 190 K) is seen from the Indian Ocean to the International Date Line at 16.9 km. Similar eastward propagating zonal wind signals are also observed at 16.9 km. A quadratic phase difference is clearly seen between the temperature and zonal wind fields around the tropopause. These signals are associated with the MJO Figures 1 and 16 ). Similar tropopause temperature signals are also observed in the NCEP1 reanalysis data. This indicates that the NICAM simulates large-scale temperature signals in the real atmosphere reasonably well. The low temperature region at 16.9 km in the NICAM data is located to the east of the corresponding low temperature regions at 15.5 km, the next model level, indicating an eastward phase tilt with height. At 18.4 km, a warm region is seen over the MJO convection. Using the wave parameters, we confirmed that the slow eastward-propagating signal can be regarded as equatorial Kelvin waves with a strong easterly background flow. Previous studies of tropopause disturbances associated with the MJO [e.g., Madden and Julian, 1972; Knutson and Weickmann, 1987; Nishi, 1989; Hendon and Salby, 1994; Mote et al., 2000; Fujiwara and Takahashi, 2001; Suzuki and Shiotani, 2008; Suzuki et al., 2010] show that Kelvin waves generated by the MJO convection largely affect the temperature field around the tropopause. In this model simulations, Kelvin waves similarly control the temperature field around the tropopause. The zonal scale of this low temperature region is as large as $10,000 km. The temperature amplitude is up to $6 K, even when averaged between 5 S and 5 N. Over Kalimantan, the amplitude is up to $20 K, as shown in Figure 11 . This large amplitude ($20 K), is found only around mountainous islands (i.e., Sumatra and Kalimantan). In contrast, the amplitude of Kelvin waves around the equator (over the western Pacific ocean) is generally $10 K in this model simulations (not shown). It is possible that the amplitude of simulated Kelvin waves in this experiment was greatly influenced by model topography, background wind, and stability. Also, observations of large amplitude, tropopause Kelvin waves indicate an amplitude of $10 K (see Figures 2 and 7 in Randel and Wu [2005] and Figure 2d in Yamamoto et al. [2007] ). Again, the NICAM generates much larger amplitude Kelvin waves over the Indonesian maritime continent or near mountains, and thus the amplitude values should be viewed with caution.
[31] Another large-scale eastward-propagating (24 m s À1 ) low temperature signal is seen at 18.4 km (see the dashed line in Figure 16b ). This signal is also observed at 16.9 km, but is delayed at lower altitudes; the low temperature region is seen from 30 December 2006 to 14 January 2007 at 16.9 km at 120 W. Again, the propagating signal around the tropopause can be regarded as Kelvin waves. A cold temperature anomaly remains for ≥10 days at a particular longitude at 18.4 km. Its zonal scale is $20,000 km. The temperature amplitude around the tropopause increases up to $3 K, even when averaged between 5 S and 5 N. Thus, we conclude that Kelvin waves that generate large-scale, lowtemperature regions make a significant contribution to temperature variations around the tropopause.
[32] In Section 5.2, we discussed in detail the TTL temperature variations associated with the diurnal variation of deep convection and tropical cyclones. These variations could contribute to dehydration and transport processes around the TTL, locally and regionally. In contrast, in Section 5.3, equatorial Kelvin waves generated by organized convection globally control the temperature variations with large-scale temperature drops. Figure 13 . The two slanted dotted lines in this figure correspond to those from (left) 56.9 E, 9 S, 16.9 km to 59.5 E, 11.1 S, 18.4 km, and (right) 60.4 E, 11.9 S, 16.9 km to 62.3 E, 13.5 S, 18.4 km, respectively.
Summary and Concluding Remarks
profiles, and large-scale convective patterns (including the MJO activity) were found to agree reasonably well with the atmospheric observations. The frequency distribution of vertical winds was compared with that from the EAR data. Both showed that vertical wind speeds are generally confined to AE3 m s À1 , and that the frequency of light winds is lower around 10-15 km than in upper and lower altitude regions. This suggests that the altitude of 10-15 km can be regarded as a mass flux boundary. [34] The regional and local-time characteristics of deep convective activity were analyzed. Deep convective activity that directly affects the TTL was found over the southern African continent, Indian Ocean, Indonesia maritime continent through the tropical western Pacific, and the South American continent. We compared the CPC-IR observational data with the NICAM results. The regions of deep convective activity simulated by the NICAM were largely consistent with those in the real atmosphere. Over land, deep convective clouds show clear diurnal variations and are most often observed in the local evening. Over the ocean, deep convective clouds are found over the ITCZ, SPCZ, and in the vicinity of large islands in Indonesia, and are mainly associated with transient disturbances such as tropical cyclones and the MJO. Deep convective activity in the NICAM was prominent over the land. The land-ocean contrast in the deep convective activity is generally consistent with satellite observations by Liu and Zipser [2005] and Iwasaki et al. [2010] . However, there is a problem regarding the phase lag, which appears to be caused by the microphysical scheme used in the NICAM. Masunaga et al. [2008] showed that the condensation (snow) in the NICAM does not fall rapidly enough and remains for a longer time in the upper troposphere. Therefore, in the present case where the same microphysical scheme is used, the late maximum in convective activity is probably due to the use of this particular microphysical scheme. It should be noted that diurnal variations in clouds penetrating the TTL and the lower stratosphere are first discussed in this paper.
[35] The NICAM simulated multiscale clouds well; i.e., diurnal variations, tropical cyclones (mesoscale), and the MJO (global scale), were all as observed in the real atmosphere. Consequently, we compared the influence of these multiscale clouds on TTL temperature variations. Figure 16 . Longitude-time distributions of the temperature anomaly at (a) 16.9 km and (b) 18.4 km, averaged between 5 S and 5 N, using NICAM data, and (c) 100 hPa and (d) 70 hPa, averaged between 5 S and 5 N, using the NCEP1 data. The anomaly is with respect to the average value between 0 and 360 , and for the model integration period (16 December 2006 to 15 January 2007 . Note that the region 0 -120 E is duplicated. The solid slanted line in each panel corresponds to that in Figure 1a . The dashed black line in Figure 16b corresponds to the eastward propagating phase speed of 24 m s À1 , starting at 120 E on 28 December 2006. Note that the increment for the color bar of NICAM data is a factor of $2 greater than that for NCEP1 data.
Temperature variations around the tropopause were investigated in association with (1) local deep convective activity, (2) tropical cyclones, and (3) equatorial Kelvin waves and MJO. Regarding deep convective activity, high variability was found over the east African continent, the Indonesian maritime continent through the western Pacific, the Andes, and Tibet. Diurnal variations of tropopause temperature with an amplitude of $10 K were found over the Indonesian maritime continent. Diurnal cycles of deep convective activity should be the major factor in the diurnal variations. These diurnal variations are superimposed on large, lowfrequency temperature variations associated with Kelvin waves, which have an amplitude of $10 K.
[36] We investigated the role of two tropical cyclones, Bond and Isobel, that developed in the real atmosphere. Low temperature regions associated with these tropical cyclones were observed over the convective core and near, but not above, the convection core. Low temperature regions in Bond were caused not only by deep convection, but also by gravity waves generated by the tropical cyclone. The temperature drop associated with deep convection was up to ≥6 K, and covered a horizontal extent of $500 km, while the drop associated with gravity waves reached $2 K, with a horizontal extent of $1000 km. The generation mechanism of the low temperature region associated with Isobel is not clear. These two examples highlight the potential role of tropical cyclone, and related gravity wave generation, in TTL dehydration.
[37] Finally, in a similar manner to the results from the NICAM aqua planet experiments of Kubokawa et al. [2010] , we found that temperature variations around the tropopause are globally controlled by equatorial Kelvin waves with a zonal phase speed of 3 m s À1 in the eastern hemisphere, and 24 m s À1 in the western hemisphere. The former were directly generated by the MJO convection with a strong easterly background wind. We conclude that large-scale low temperature regions in the TTL are mainly caused by Kelvin waves generated by large-scale organized convection such as the MJO, even in the real atmosphere affected by islands and continents.
[38] It should be noted that unrealistic large temperature variations are simulated in the NICAM. This is probably due to the relatively coarse vertical resolution. Kelvin waves generated by organized convection control the temperature field in the TTL at a planetary scale. The impact of these waves in the TTL and lower stratosphere continues for more Figure 17 . As for Figure 16 , but for zonal wind. Note that the increment for the color bar of NICAM data is a factor of $2 greater than that for NCEP1 data. than two weeks. In association with tropical cyclones, the TTL temperature can change by $6 K at a cyclonic scale ($500 km). Gravity waves generated by tropical cyclones also contributed to TTL temperature variations over a region with a horizontal extent of $1000 km in this model simulations. Because tropical cyclones continue to be active for periods of a few days to a week in the topics, a significant impact on temperature changes may be expected both locally and regionally. Over islands, deep convection with diurnal cycles can also effect the TTL temperature.
